There is a large-amplitude circadian rhythm of indoleamine metabolism in the retina-pigment epithelium of the chicken. N-Acetyltransferase activity (arylamine acetyltransferase; acetyl-CoA:arylamine N-acetyltransferase, EC 2.3.1.5) and melatonin content are 15-fold higher at night than during the day in a cycle of 12 hr of light and 12 hr of dark; in constant darkness there is a 4-fold increase during the subjective night. Light at midnight inactivates N-acetyltransferase and lowers melatonin. N-Acetyltransferase activity is found predominantly in the retina. The circadian rhythm of this enzyme activity persists in pinealectomized chicks. Thus the pineal is not responsible for retinal indoleamine rhythms. Retinal and pineal levels of N-acetyltransferase activity behave similarly under several conditions. In the chicken, the eye is a major site of rhythmic indoleamine metabolic activity. Many features of photoreceptor cell physiology fluctuate with daily rhythmicity. Evidence suggesting that a general feature of retinal metabolism in all vertebrate classes is its modulation by daily rhythms has accumulated rapidly (1-14). This is not surprising in cells that are exquisitely specialized for reception of light, which varies with an environmentally imposed periodicity. What is more interesting is that this rhythmicity continues even in the absence of the light-dark cycle that normally synchronizes it. In constant conditions there is endogenously rhythmic regulation of daily disc shedding of photoreceptor outer segments (1-3).
MATERIALS AND METHODS
Animals. Chicks (White Leghorn pullets, Babcock B-300 strain, Gallus domesticus) were purchased locally on the day of hatching and kept in warmed brooders with food (Purina Chick Starteena) and water available ad lib, on a light-dark cycle (LD 12:12, lights on 0000-1200 central standard time) until age 2-3 weeks. The light source was Sylvania Cool White fluorescent bulbs, which produced an intensity at the level of the brooders during the light period of 700-800 lux, measured with a Gossen Luna Pro photometer (model B650920). When light was given in the middle of the dark period, its intensity was 1400-1500 lux. For the experiment shown in Fig. 1 B and D, a group of animals age 23 days was transferred into constant darkness (DD) at the time of the normal L-to-D transition. Beginning after 44 hr of constant darkness, animals were killed by decapitation at 2-hr intervals. In another experiment ( Fig.  1 A and C), 14-day-old animals that had continued in LD 12:12 were killed at similar intervals. During dark periods, animals were killed in complete darkness.
Dissection and Tissue Preparation. Eyes were dissected out under dim red light (Kodak Wratten filter no. 24, approximately 20 lux), quick-frozen on dry ice, and stored at -80'C until assay. At the time of assay, frozen eyes were hemisected, vitreous humor and pecten were removed from the posterior hemisphere, and the retina-pigment epithelium was removed and sonicated. N-Acetyltransferase activity was immediately measured by a modification (25) min ., a 0.5-ml aliquot of the organic phase was transferred to a scintillation vial and evaporated overnight. Ten milliliters of ACS (aqueous counting scintillant, Amersham/Searle) was added and the radioactivity was measured. Two-dimensional thin-layer chromatography and autoradiography showed that the product comigrated with a pineal product and with authentic Nacetyltryptamine. Retinal N-acetyltransferase activity shows similar biochemical characteristics to the pineal enzyme, and differs from the brain and liver enzymes (unpublished data).
Melatonin Radioimmunoassay. Melatonin was measured by a modification of the radioimmunoassay method of Rollag and Niswender (27) Neurobiology: Hamm and Menaker of the membrane and the choroid plexus. The forceps was removed and bleeding was controlled by pressure from a cotton swab while the pineal and choroid were removed with the forceps; completeness of removal was confirmed by visual inspection. This was possible because bleeding was controlled. The meningeal flap and bone flap were replaced and the incision was sutured. The procedure took 15-20 min. RESULTS The chick retina-pigment epithelium has a large-amplitude daily rhythm of N-acetyltransferase activity. Fig. 1A shows that the activity is low during the light and high during the dark. Radioimmunoassayable melatonin content of the retina-pigment epithelium has a similar daily fluctuation (Fig. LC) . Both N-acetyltransferase activity and melatonin increase rapidly after the light-to-dark transition, are high during most of the dark period, and begin to fall before the dark-to-light transition. Bright light, given during the night when enzyme levels are high, quickly inactivates N-acetyltransferase. One hr of light (1400-1500 lux) given at midnight causes N-acetyltransferase activity to decrease to daytime levels (Fig. 1A , open circle) with -a halving time of 10-12 min (data not shown). Light also causes melatonin to decrease to daytime levels (Fig. IC) , suggesting that melatonin content closely reflects N-acetyltransferase activity in the retina. The acute effect of light on the enzyme accounts at least partially for the low levels of N-acetyltransferase activity and melatonin during the light portion of a LD cycle ( Fig. 1 A and C) . The high nighttime levels of N-acetyltransferase activity and melatonin could be the result of release from light inhibition. Thus light inhibition alone could explain N-acetyltransferase cyclicity in an LD cycle. We assayed the levels of retinal N-acetyltransferase from chicks held in DD to explore the possibility that the light cycle was directly driving the rhythm. Chicks were kept for 2 days in DD, then enzyme levels of groups of five chicks were measured every 2 hr. The rhythms of enzyme acbivity and melatonin persist in constant darkness ( Fig. 1 B and D) , showing that there is an underlying circadian modulation of the serotonin-to-melatonin pathway that does not depend on cyclic light. There are qualitative differences between the LD and DD results. N-Acetyltransferase and melatonin during the subjective day (the projected day if the LD cycle had continued) are not as low as in the light portion of an LD cycle, the nighttime rise is more gradual, and the shape of the curve is different. N-Acetyltransferase activity levels are similar in LD and DD but, interestingly, retinal melatonin content in DD is higher than in LD (cf. ordinate values in Fig. 1 C and D) . Increased melatonin content in constant darkness could result either from increased melatonin synthesis or uptake, or from decreased melatonin release or breakdown. Clearly, under some conditions melatonin levels in the retina do not directly reflect N-acetyltransferase activity. 15-fold increase at night. There was a small amount of nonrhythmic N-acetyltransferase activity in the pigment epithelium (Fig. 2) . Similarly, the retina contained more melatonin than did the pigment epithelium, and only retinal melatonin content showed a day-night change.
There are great similarities between retinal and pineal indoleamine metabolism in chicks: levels of N-acetyltransferase activity; amplitude of the day-night differences; phase of the rhythms, with high levels at night and low levels during the day; inactivation of N-acetyltransferase by light during the dark portion of the LD cycle (Table 1) . We tested the possibility that the pineal is directly involved in the control of retinal N-acetyltransferase rhythmicity. One-week-old chicks were pinealectomized, and after 10 days in a LD 12:12 cycle, N-acetyltransferase activity in the retina-pigment epithelium was examined at mid-light and mid-dark. Another group of pinealectomized chicks was transferred into DD, and after 42 hr chicks were killed at their subjective mid-light and 12 hr later at their subjective mid-dark. Fig. 3 shows that the rhythm in retinal N-acetyltransferase activity persists after pinealectomy in both an LD cycle and in DD. (18) (19) (20) (22) (23) (24) . The isolated retinae of rats (32) and trout (33) In sparrows, pinealectomy abolishes circadian rhythms of locomotor activity (34, 35) , and transplantation experiments have demonstrated that the pineal is a dominant circadian pacemaker (36) . Pinealectomy in chickens (37) and quail (38) , however, does not appear to abolish circadian rhythms of locomotor activity (37) . Because the retinal N-acetylt-ransferase rhythm persists after pinealectomy in chickens (Fig. 3) and because melatonin may be involved in the control of locomotor activity rhythms (39, 40) , it is possible that a blood melatonin rhythm resulting from retinal secretion is involved in the persistence of the circadian locomotor rhythm after pinealectomy. If retinal melatonin is released into the general circulation, and can be shown to affect a nonretinal target, the retina might usefully be considered an endocrine organ.
DISCUSSION
In all vertebrate classes, rod and cone outer segments shed packets of disks, with a daily rhythm (1) (2) (3) (4) (5) (6) (7) (8) . In chickens, rods have a burst of shedding during.the first few hours of light in a LD 12:12 cycle and cones shed during the first few hours of dark (6) . Synthesis of new membranes in the rod outer segment also occurs with a daily rhythm in Xenopus (3). Furthermore, both photomechanical movements of rods and cones (6, 9, 10) and pigment migration in the retinal pigment epithelium (11, 12) occur with a daily rhythm in some vertebrate classes.
Several recent studies suggest that rhythms of photoreceptor metabolism are controlled within the eye (41) (42) (43) (44) (45) . Pinealectomy does not abolish the daily rhythm of disc shedding in albino rats or frogs (43) (44) (45) . Experiments in which light input is applied differentially to the two eyes (by patching one eye) indicate that control of rhythmic disc shedding resides at least partially within the eye. Rats kept in constant light lost the rhythm of disc shedding in the open eye; the rhythm continued in the patched eye (42) . Retinal melatonin may well be the primary agent through which control within the eye is exerted, because it has a 'large-amplitude circadian rhythm, and because exogenous melatonin, given by injection to amphibians, causes movements of cones similar to those caused by light (15) . It also produces pigment aggregation in the retinal pigment epithelium when administered intraocularly or systemically in fish (16) and mammals (17) . Any or all of these rhythms of photoreceptor metabolism might be regulated by retinal melatonin.
Because the enzymes necessary for melatonin synthesis are present in the retina of all vertebrate classes (18) , circadian rhythmicity in melatonin content of the eye may be widespread. If so, the vertebrate eye may be found to have a variety of unsuspected endocrine and neuroendocrine functions.
